Background and Purpose-In stroke patients, obstructive sleep apnea (OSA) is associated with poorer functional outcomes than in those without OSA. We hypothesized that treatment of OSA by continuous positive airway pressure (CPAP) in stroke patients would enhance motor, functional, and neurocognitive recovery. Methods-This was a randomized, open label, parallel group trial with blind assessment of outcomes performed in stroke patients with OSA in a stroke rehabilitation unit. Patients were assigned to standard rehabilitation alone (control group) or to CPAP (CPAP group). The primary outcomes were the Canadian Neurological scale, the 6-minute walk test distance, sustained attention response test, and the digit or spatial span-backward. Key Words: continuous positive airway pressure Ⅲ functional outcomes Ⅲ neurocognitive outcomes Ⅲ obstructive sleep apnea Ⅲ stroke T he incidence of stroke and its consequent burden of morbidity and mortality remain unacceptably high. If outcomes from stroke are to improve, then the underlying mechanisms of functional impairment will need to be addressed. One contributing factor may be obstructive sleep apnea (OSA).
Subjects
Eligible patients were those admitted from acute care facilities to the stroke rehabilitation unit within 3 weeks of stroke onset with the following inclusion criteria: (1) 18 to 89 years of age; (2) completed ischemic or hemorrhagic stroke confirmed by a neurologist based on history of sudden onset of a neurological deficit lasting Ͼ24 hours, neurological deficit on physical examination, and brain lesion compatible with the neurological deficit on computerized tomography or MRI; (3) ability to follow simple commands in English; (4) competency to provide informed consent; and (5) OSA on an overnight attended polysomnogram (PSG) as described. Exclusion criteria were: (1) brain stem strokes that could increase aspiration risk while using CPAP; (2) previously diagnosed OSA on therapy; (3) concomitant central nervous system diseases such as dementia; (4) history of psychosis; (5) traumatic brain injury; and (6) anosagnosia, global, or Wernicke aphasia.
The study was approved by the Research Ethics Board of the Toronto Rehabilitation Institute and all subjects provided written consent before participation.
Baseline Assessments
Clinical classification of strokes was performed according to the Oxfordshire Community Stroke Project criteria. 8 Eligible patients underwent a clinical assessment followed by an overnight PSG. PSG were performed using standard techniques and scoring criteria for sleep stages and arousals from sleep. 9, 10 The frequency of apneas and hypopneas per hour of sleep was expressed as the apnea-hypopnea index. Patients with an apneahypopnea index of Ն15 were classified as having sleep apnea for the purpose of this study. OSA was diagnosed when at least 80% of the respiratory events were obstructive.
Subjects with OSA then completed the functional, motor, and neuropsychological assessments between 2:00 and 5:00 PM administered by individuals blinded to subject randomization. To take the heterogeneity of stroke-related impairment into account, we evaluated several domains as our primary outcomes, including stroke severity by the Canadian Neurological scale, motor function by the 6-minute walk test, neurocognitive function by sustained attention to response test (a measure of vigilance), and the digit or spatial span-backward (a measure of executive function). Secondary outcomes included the Functional Independence measure (FIM), Chedoke-McMaster Stroke assessment of upper and lower limb motor recovery test, hand-grip strength, Berg Balance scale, Epworth Sleepiness scale (ESS), Stanford Sleepiness scale (SSS), the Purdue Pegboard test and the Beck depression inventory-1 (BDI). Please see http://stroke.ahajournals.org for additional information.
Randomization
Eligible patients were randomly assigned by a computer-generated randomization schedule in random blocks of 2 and 4, with allocation concealment by opaque, sequentially numbered, sealed envelopes to either a control group that received standard stroke occupational and physiotherapy for the duration of the trial or a treatment group that, in addition, received CPAP for OSA.
CPAP was titrated during PSG to reduce the apnea-hypopnea index to Ͻ5 or to the highest pressure tolerated. Patients were then provided with a CPAP machine (Goodknight 420G; Tyco Healthcare) and were instructed to use it for at least 6 hours per night until the end of the trial. CPAP compliance was assessed by recording mask-on time.
Throughout the 4-week trial, time spent, and level of participation in physiotherapy were recorded 5 days per week by a physiotherapist blind to treatment allocation. Four weeks after randomization, baseline measurements were repeated, including a PSG performed either with or without CPAP as per treatment allocation (Figure 1 ).
Statistical Analyses
We estimated that with a sample size of 22 in each group, the study would have a 90% power to detect 1 SD difference between the groups for the primary outcomes at a 2-tailed ␣ of 0.05. Baseline data of the 2 groups were compared with t tests for continuous variables and Fisher exact test for categorical data. Outcomes were analyzed by the original assigned groups. Differences in the outcome variables, from baseline to follow-up, were compared within and between groups by analysis of covariance with post hoc analyses as appropriate. Test scores on psychometric data were transformed to a common metric (z scores) and aggregate scores were created. 11 PϽ0.05 was considered statistically significant. Continuous data are expressed as meansϮSD unless otherwise indicated.
Results

Characteristics of the Subjects
Progress of subjects through the trial is illustrated in Figure 1 . Between June 2005 and March 2008, 466 patients with strokes admitted to the stroke rehabilitation unit were screened. Exclusions were mainly attributable to language barriers. One-hundred ninety-four met initial inclusion criteria, and 103 agreed to PSG. Of these, 48 (47%) had OSA with an apnea-hypopnea index Ն15. One patient in the control group and 3 in the CPAP group left the study before trial completion; thus, outcome data were available for 22 patients in each group for analysis by originally assigned group. Stroke location and type (Table 1) and time from occurrence of the stroke to entry into the study were similar in the control and CPAP groups (19.7Ϯ16.8 days versus 21.5Ϯ8.7 days; Pϭ0.41).
Baseline data were similar in the control and CPAP groups, except more subjects in the control group had a history of smoking (Table 1) . The Canadian Neurological scale and FIM scores were also similar in the 2 groups, indicating comparable functional impairment (Table 3) . The ESS and SSS were similar in the 2 groups and were within normal limits, indicating a lack of subjective sleepiness ( Table 2) .
Sleep variables were similar in both groups. No adverse events were recorded during the study.
Effects of CPAP on Sleep Variables
Among those randomized to CPAP who completed the trial, CPAP usage averaged 4.96Ϯ2.25 hours per day at a mean pressure of 8.1Ϯ0.5 cm H 2 0. There were no adverse effects of CPAP. Compared to the control group, the CPAP-treated group experienced a significant reduction in the apneahypopnea index, as well as an increase in minimum sleep oxyhemoglobin saturation . Mean oxyhemoglobin saturation also improved within the CPAP group (Table 2) . However, there were no improvements in sleep structure in either group.
Physiotherapy
Time per day spent in physiotherapy and participation scores did not differ between the control and CPAP groups (control: 45Ϯ13 versus 45Ϯ9 minutes per day and Pϭ0.97; CPAP: 5.2Ϯ0.8 versus 5.4Ϯ0.7 and Pϭ0.30).
Primary Outcomes
The CPAP group experienced significant improvements in the total Canadian Neurological scale score and its cognitive and motor components that were greater than in the control group (Table 3 ). There was a significant increase in the 6-minute walk distance (113 meters) in the CPAP group, but not in the control group (46 meters). However, the betweengroup difference was not significant. The CPAP group did not experience a significant improvement in sustained attention/ vigilance on the sustained attention to response test but did show a significant improvement in digit span and visual spatial span-backward, not seen in the control group, although the between-group difference was not significant (Table 4) .
Secondary Outcomes
There were significant reductions in the ESS and SSS in the CPAP compared to the control group (Table 2 ). There were also significant improvements in the FIM and Berg Balance scale within both groups; however, these did not differ significantly between them. Separate analysis of the motor and cognitive components of the FIM revealed a significantly greater improvement in the motor, but not the cognitive, component in the CPAP than in the control group. The Chedoke-McMaster Stroke Assessment scale demonstrated significant improvements in the arm, hand, leg, and foot *Between-group differences by analysis of covariance adjusted for age and sex.
scores within both groups, and a significantly greater improvement in the leg score in the CPAP than in the control group. There was no within-group or between-group difference in the ratio of hand-grip strength between the affected and nonaffected hand in either group (Table 3) . CPAP had no significant effect on visuo-motor speed and hand dexterity as assessed by the Purdue Pegboard score or in mental efficiency on the digit and visual spatial span-forward (Table 4) . There was no significant reduction in the total BDI in either the control group (13.3Ϯ9. 
Discussion
This randomized trial involving stroke patients with OSA undergoing inpatient rehabilitation has demonstrated that, compared to the control group, CPAP usage was associated with improvement in the overall severity of stroke-related impairment manifest by a greater improvement in one of the primary outcomes, the Canadian Neurological Scale score. Although there were improvements in some of the other primary outcomes within the CPAP group, including mobility assessed by 6-minute walk test distance and neurocognitive capacity assessed by the digit/spatial span-backward, these were not statistically significant compared to the control group. There was no within-group or between-group improvement in vigilance assessed by the sustained attention to response test score. CPAP usage was also associated with improvements in 5 of the secondary outcomes compared to the control group, including the motor component of the FIM, Chedoke-McMaster Stroke Assessment leg score, ESS, SSS, and the affective component of the BDI. Taken together, these results indicate a significant, although modest, beneficial effect of CPAP on stroke-related outcomes. The most prominent beneficial effects of CPAP therapy involved motor and functional outcomes. These included improvements in the motor components of the Canadian Neurological scale, FIM, and the leg motor component of the Chedoke-McMaster Impairment scale. These improvements were greater than those observed in the control group and were accompanied by a significant increase in 6-minute walking distance within the CPAP group. Since impaired motor function of the leg is a major limitation to stroke recovery because it limits functional independence, 12 these findings suggest that treatment of coexisting OSA by CPAP in stroke patients could improve functional independence and hasten return to community living.
ESS and SSS scores were within normal limits at baseline, indicating that patients were not hypersomnolent, consistent with the study by Arzt et al. 13 Nevertheless, treatment of OSA by CPAP caused reductions in ESS and SSS scores, even though it did not improve sleep structure, vigilance as assessed by the sustained attention to response test, or participation in physiotherapy. Thus, CPAP-related improvements in functional and motor outcomes could not be attributed to a reduction in hypersomnolence, because subjects were not hypersomnolent at onset of rehabilitation, or to increased physiotherapy participation.
CPAP had marginal, if any, effects on the cognitive outcomes that were assessed. For example, although there was a significant improvement in digit and visual spanbackward within the CPAP group, suggesting improvement in executive functioning, 14, 15 there were no improvements in sustained vigilance, attention span, and visuo-motor speed and dexterity, as tested by the sustained attention to response test, digit and visual span-forward, and Purdue Pegboard, respectively.
With respect to depression, compared to the control group, the CPAP group experienced a significant improvement in the affective, but not the somatic, component of the BDI. The former is a better index of mood after stroke, because the somatic component of the BDI is confounded by items that are also sensitive to the direct physiological effects of stroke (eg, loss of appetite). After a stroke, 25% to 40% of patients experience depression, 16 which is associated with worse neurological recovery 17 and increased mortality. 18 Therefore, reductions in poststroke depression may contribute to neurological recovery.
An important aspect of our trial was that only 3 (12%) patients randomized to CPAP left the study. For the remaining 22 people who completed the trial, CPAP compliance was excellent, with average daily use of 4.96 hours (considering total sleep times were Ϸ5.60 hours). This excellent compliance is most likely because our subjects were inpatients during the entire trial period, and because nurses were trained to administer CPAP to study subjects.
The mechanisms by which CPAP achieved beneficial effects on motor and functional, but not neurocognitive, outcomes are not clear. CPAP-induced abolition of intermittent hypoxia and negative intrathoracic pressure swings should increase cerebral blood flow and oxygen delivery. 19 Accordingly, functional and motor improvements in the CPAP-treated group may have been attributable to alleviation of the adverse cerebrovascular effects of OSA, possibly through enhanced neuroplasticity.
Two other randomized trials evaluated the response of stroke patients with OSA to CPAP. Sandberg et al 20 studied inpatients over a 1-month period. Subjects had good fixedpressure CPAP compliance of 4.1 hours per night. However, the only improvement in the CPAP-treated group was a reduction in severity of depression. 20 Several differences between that study and ours could account for apparent differences in outcomes. For instance, their patients were 18 years older, 50% had heart failure, sleep apnea was predominantly central, and there were no evaluations of sleep structure, alertness, or motor and neuropsychological functions.
The study by Hsu et al 21 was similar to ours in that subjects predominantly had OSA and underwent assessments of subjective sleepiness, functional, and stroke severity outcomes. Their study differed from ours in that subjects were 14 years older, had more severe OSA, and did not undergo assessment of sleep structure by PSG or assessment of alertness, motor, or neuropsychological function. Subjects were studied over a longer period (6 months) and auto-titrating CPAP was used, with very poor compliance (1.4 hours per night). The negative results of that study therefore were likely attributable to poor CPAP compliance.
The heterogenous nature of neurological damage and stroke etiology makes evaluation of clinical interventions difficult. 22 We took this into account by assessing the effects of treating OSA on various aspects of stroke outcome in different domains. Nevertheless, the present trial was subject to some limitations. Forty-two percent of patients were not eligible for the study, primarily because of lack of fluency in English. This, coupled with the small sample size, and inability to evaluate the effect of stroke subtype, affected vessel size, and lateralization make it difficult to know whether the results apply to the general stroke population. Recovery from stroke may evolve over several months and the 1-month follow-up may not have been sufficient to evaluate the extent and duration of stroke recovery while using CPAP or to assess its effects once subjects left the hospital. 22 
Conclusions
In conclusion, this randomized trial demonstrated that treatment of OSA by CPAP in stroke patients undergoing rehabilitation was associated with significant improvements in functional and motor outcomes as well as mood. Functional and motor impairments are often the most disabling features of stroke because they limit mobility and activities of daily living. Although our findings suggest that treating OSA in stroke patients improves these outcomes, larger longer-term trials are needed to determine whether such improvements can persist or evolve further over longer periods.
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Supplemental Methods: Baseline Assessments
Upon enrollment, demographic characteristics, stroke risk factors (history of hypertension, coronary artery disease, heart failure, atrial fibrillation, diabetes mellitus, hypercholesterolemia, and cigarette smoking) handedness, height, weight and body mass index were determined for each patient. All medications used were recorded. The treating physicians prescribed appropriate secondary stroke prevention medications such as anticoagulants, antiplatelet agents, and antihypertensive agents, as per the accepted standard of care, to provide optimum therapy. Otherwise, medications were not altered during the study except as medically indicated. Eligible patients were those admitted from acute care facilities to the SRU within 3 weeks of stroke onset with the following inclusion criteria: 1) 18 to 89 years of age; 2) completed ischemic or hemorrhagic stroke confirmed by a neurologist based on: a) history of sudden onset of a neurological deficit lasting more than 24 hours, b) neurological deficit on physical examination, and c) brain lesion compatible with the neurological deficit on computerized tomography or magnetic resonance imaging of the brain; 3) able to follow simple commands in English based upon the speech therapist's assessment, 4) competent to provide informed consent to participate in the study; and 5) OSA on an overnight attended PSG as described below. Exclusion criteria were: 1) brainstem strokes that could increase aspiration risk while on CPAP, 2) patients with previously diagnosed OSA on therapy, 3) concomitant central nervous system diseases such as dementia, Parkinson's disease, multiple sclerosis or Huntington's disease, 4) history of psychosis, 5) traumatic brain injury; and 6) anosagnosia, global aphasia or Wernicke's aphasia.
Protocol
Subjects with OSA completed the functional, motor and neuropsychometric and outcome assessments. All these tests were performed in a quiet environment using standard protocols between 2 and 5 pm. All assessments were performed by individuals blinded to randomization of the subjects. Assessment of functional and motor outcomes was performed by occupational and physio-therapists, respectively. Neuropsychometric testing and subjective assessment of mood and sleepiness were administered by trained neuropsychometrists and a research assistant, respectively.
Sample Size Estimation
The study was based on 4 primary outcome measures which were SART, digit span/spatial spanbackwards, 6-minute walk test and the Canadian Neurological Scale (CNS). For all of these tests we want to detect a difference between the control and CPAP treated groups equivalent to 1 SD around the mean of normative data, because in clinical terms, this represents the difference between normal function and mild impairment, or mild to moderate impairment, or moderate to severe impairment. We also assumed that because we are examining several primary outcomes, that the power of the test should be 90%, rather than the usual 80% to avoid the potential for type II errors. For SART and digit span/spatial span backwards, at a 2-tailed alpha of 0.05 and power of 90%, a sample size of 22 subjects per group with complete data was estimated. For the 6-minute walk test, the sample size required to detect a clinically meaningful change of 52 meters with a twotailed alpha of 0.05 and power of 90% was 16 per group. For the Canadian Neurological Scale, to detect a clinically important change at a 2-tailed alpha of 0.05 and power of 90%, a sample size of 13 subjects per group was estimated. Therefore, we required 22 subjects in each group to complete the trial. The trial was stopped upon reaching the prespecified group numbers.
Randomization
A computer-generated equal randomization schedule with a randomly varying block size of 2 to 4 was created to ensure equal numbers of subjects in each group. The statistician then enclosed the randomization codes in opaque sealed and stapled envelopes in sequence. These numbered envelopes were opened in sequence by a research assistant, once the subjects had completed all baseline assessments. The control group received standard stroke occupational and physiotherapy for the duration of the trial. The treatment group received standard stroke occupational and physiotherapy and in addition, received CPAP for their OSA. Personnel blind to the patients' treatment allocation performed assessments and also analyzed and interpreted the data.
CPAP
CPAP was titrated during an overnight PSG to a pressure that reduced the AHI to < 5 or to the highest pressure tolerated. Patients were then provided with a CPAP machine (Tyco Healthcare, Goodknight 420G) and instructed to use it for at least 6 hours per night until the end of the trial. Night nursing staff were instructed how to apply CPAP to patients unable to apply it on their own, and assisted patients in reapplying it at night if they removed it for any reason. Compliance with CPAP was recorded automatically with a meter that records mask-on time.
Details of Tests
PSG
Routine PSGs were performed using standard techniques and scoring criteria for sleep stages and arousals from sleep {Iber C, 2007 #86; Rechtschaffen, 1968 #18}. Thoracoabdominal movements and their electronic sum were monitored by respiratory inductance plethysmograph (RIP) (Respitrace; Ambulatory Monitoring Inc., White Plains, NY) 1 . Arterial oxygen saturation (SaO 2 ) was continuously monitored by a pulse oximeter (Nellcor, Puritan Bennett, LLC). Apneas were defined as an absence of excursion of the RIP sum channel for at least 10 seconds and were classified as obstructive or central in the presence or absence of thoracoabdominal motion, respectively. Hypopneas were defined as a 50% or greater reduction in the RIP sum channel for at least 10 seconds and were classified as obstructive if there was out-of-phase thoracoabdominal motion on RIP, and as central if thoracoabdominal motion was in-phase. The frequency of apneas and hypopneas per hour of sleep was expressed as the apnea-hypopnea index (AHI). Patients with an AHI of  15 were classified as having sleep apnea for the purpose of this study. OSA was diagnosed when at least 80% of the respiratory events were obstructive.
Stanford Sleepiness Scale (SSS) This is a Likert-type 7-point scale in which each point has a descriptive label, ranging from 1 -'feeling active and vital; alert; wide awake', to 7 -'almost in reverie; sleep onset soon; lost struggle to remain awake.' Subjects are asked to select the number that they feel most accurately describes their level of alertness/sleepiness at that moment 2 . The SSS has been found to be sensitive to changes in alertness due to both circadian variations and sleep loss. SSS scores were obtained after completion of the neuropyschological tests described below, as the SSS has been found to be more sensitive at the end of a performance test than before 3 .
Epworth Sleepiness Scale (ESS) The subjective Epworth Sleepiness Scale score is used to assess the general level of sleepiness under certain conditions. While imperfect, as it is not objective, it is widely validated and used in a number of populations for comparison 4 . The ESS alone may not be sufficient for assessment of sleepiness over the course of a day due to sleep apnea 5 , and therefore the SSS was also included. Scores greater than 10 on the ESS are indicative of excessive daytime sleepiness.
Sustained Attention to Response Task (SART)
The SART is a well-validated test of alertness and sustained attention in brain-damaged patients. Subjects were seated in a quiet environment in front of a computer screen. In this test numbers (each of the digits 0-9) are displayed briefly in random order, one at a time, on the screen. The subjects are instructed to press a key in response to each digit, unless the displayed digit is the number 3, in which case they are not to press the key. The number of errors (i.e. key presses in response to the number 3) is recorded. A complete test consists of 225 digits presented serially over a 4.3 minute period.
Participation Assessment This included a daily documentation by the physiotherapists of actual time spent by the subjects performing physiotherapy. Furthermore, they also documented their perceived participation of each subject on a 7 point scale following each session. For participation 7 -'maximum' 1-'no participation' (Figure S1 ).
Canadian Neurological Scale (CNS)
This scale assesses the severity of the stroke according to the degree of neurologic impairment from brain damage 6 . This test includes 8 items that measure level of consciousness, orientation, speech, motor function, and facial weakness.
Functional Independence Measure (FIM) This tool measures functional capacity 7 . It includes 18 items that measure self-care, sphincter control, mobility, locomotion, communication, and social cognition. It is used as an important determinant of fitness to be discharged from hospital. Berg Balance Scale This is an objective measure of balance abilities. The scale consists of 14 tasks common in everyday life. The items test the subject's ability to maintain positions or movements of increasing difficulty by diminishing the base of support from sitting, standing, to single leg stance 8, 9 .
Chedoke-McMaster Scale
This scale measures the specific change in limb function among individuals who sustained cortical damage resulting in hemiplegia 10, 11 . This assessment tool stages the recovery from stroke based on Brunnstroms stages of recovery. A score ranging from 1 (flaccid paralysis) to 7 (normal movement patterns) provides an indication of the level of physical impairment resulting from the stroke.
Walking Ability Walking ability was assessed with the 6-minute walk test 12 . The 6-minute walk test assesses walking endurance 13 . Subjects were instructed to walk from one end of the corridor to the other, covering as much distance as possible in a 6-minute period. At baseline, non-ambulant subjects were given a 6-minute walk test distance of 0. Upper Limb Strength Grip strength was assessed with a Baseline Hydraulic Hand dynamometer in both paretic and non-paretic hands 14 . Subjects performed three repetitions and the highest value was taken as the measure of maximum grip strength. Grip strength has been used to provide a proxy measure of overall strength in healthy individuals, correlating well with lower limb strength. In stroke subjects, the ratio of strength between the paretic and non-paretic side was used to assess change over time.
Neuropsychometric Assessment
Beck Depression Inventory I (BDI I) This is one of the most widely used instruments for measuring the severity of self-reported depression in adults, and its reliability and validity have been established across a broad spectrum of clinical populations including geriatric patients 15, 16 .
Neuropsychological Test Battery
The battery comprises tests of mental efficiency (attention, concentration, vigilance, speed of processing), executive function and memory (verbal and visuospatial). In addition, a test of premorbid verbal intellectual function is included in order to rule out an explanation of intellectual function for any group differences that are observed between the CPAP and no-CPAP group. Please see Table S1 for the test list, the area of cognitive function measured by each test, and the test references. Tests with high test-retest reliability were selected because of the repeated measures design. The battery was brief in order to minimize patient burden and maximize reliability. Patients were offered breaks as needed. The test order was approximately counterbalanced in order to avert order effects. The Purdue Pegboard test is a well-validated test of both fine motor (fingertip) and gross motor (arm and hand) dexterity 17 . It has been used extensively as a test of the speed and accuracy of upper limb motor skills. In subjects with impaired motor function in the dominant hand/arm, whose performance on this test would be compromised, the non-dominant hand was used. Please mark the relevant box APPENDIX 2
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